rection, were also significantly reduced in lepromatous and borderline lepromatous types in comparison with normal. Significant differences in CRRT at some directions were found among the various subtypes of leprosy. Conclusion: CRRTs were abnormal in the cured leprosy subjects as a whole, but varied with leprosy subtypes, which suggested that the extent of reduction of CRRTs correlates with the severity of immune alteration. These results suggest that CRRT measurements could be a useful approach to quantify the extent of some residual abnormalities in cured leprosy and perhaps could also be used to evaluate the efficacy of treatment.
are utilized as important indicators of cutaneous and systemic function. For example, both age and sex significantly impact SC hydration, sebum content, barrier function and skin surface pH [1] [2] [3] [4] [5] [6] . SC hydration is negatively correlated with serum thyroid-stimulating hormone levels [7] . Disorders that alter keratinocyte proliferation, differentiation and epidermal lipid metabolism, in turn, can affect SC properties, such as SC hydration and barrier function [8] [9] [10] [11] . Moreover, these biophysical properties can have some effects on each other. For example, external reductions in environmental humidity decrease SC hydration and improve basal barrier function [12] . Elevation of skin surface pH could alter epidermal permeability barrier homeostasis [13] . Measurements of these skin biophysical parameters also have been used to evaluate the efficacy of skincare products [14] [15] [16] [17] . Cutaneous resonance running time (CRRT), which measures the acoustical shockwave running time through skin between two sensors, is a potentially important indicator of cutaneous functions that is influenced in part by the skin biophysical properties. For instance, skin stiffness correlates negatively with CRRT [18] . Furthermore, aging not only affects CRRT, but also influences the angular anisotropy of CRRT [19] . In addition to SC hydration and age, CRRT also varies with skin thickness and elastic fiber properties [19] [20] [21] .
Skin and peripheral nerves are the major organs that are involved in leprosy. Depending upon the leprosy subtype, clinical manifestations include sensory deficit, nerve thickening, hypo-or hyperpigmentation, dry skin, erythema, papules, nodules, and ulceration [22] [23] [24] . Some of these abnormalities remain after leprosy is cured microbiologically [25] [26] [27] . Further secondary complications, such as ulceration and extremity deformation, may also occur in cured leprosy subjects [28, 29] . Although little is known about skin biophysical properties in cured leprosy, there is substantial evidence that alterations occur frequently. In addition to clinical observations of excessive dry skin in leprosy, previous studies demonstrated that SC hydration power in leprosy lesions was significantly decreased [30, 31] . SC cholesterol sulfate and triglycerides levels were higher in lesions with sensory deficits in leprosy, and both sphingolipid and cholesterol esters were lower than in normal subjects [32] . Not only lipids were abnormal, epidermal proliferation also declined significantly in lepromatous leprosy (LL), as compared with borderline (BB) and tuberculoid leprosy (TT) [33] . Recent studies from our group have demonstrated that skin surface pH is increased and SC hydration is decreased in cured leprosy subjects, although there are no alterations in basal TEWL [34] . Since the dermis is thinner and dermal elastic fibers in leprosy are arranged irregularly in leprosy subjects [35] , features that can influence CRRT [18] [19] [20] [21] , we postulated that there could be alterations in CRRT in cured leprosy. In the present study, we assessed CRRT at various directions on both the forearm and the hand in normal and cured leprosy subjects.
Materials and Methods

Subjects
In total, 76 cured leprosy subjects aged 50-85 years old (mean 67.21 8 1.23) and 68 normal control volunteers aged 50-85 years old (mean 74.65 8 1.71) were enrolled in this study ( table 1 ). The cured leprosy subjects were recovered from leprosy 19-51 years ago (mean 36.76 8 1.48). All subjects have hand deformation and increased sensory threshold on the hands and the forearms without other skin disorders on either the hand or the forearm. All normal volunteers have no skin disorders on the hand and the forearm. No skincare products were applied to the measured sites within 24 h and no wash within 4 h prior to the measurement. All subjects participating in this study are Chinese located in northern China.
Measured Sites and Methods
A Courage-Khazaka Reviscometer RVM600 was used to measure the CRRT on the central dorsal of the left hand and the flexor site of the left forearm 10 cm above the wrist [19] . Measurements were begun at the 12 o'clock position, which were determined with the forearms and hands in the upside-down position ( fig. 1 ). Both arm and hand were laid on a table horizontally during the measurement. Measurements then were taken clockwise at every 1-hour interval or at every 15 degrees. These measurements provide the CRRTs at the directions of 12-6 o'clock, 1-7, 2-8, and so on. All subjects were resting at 24-26 ° C at a relative humidity of 46-55% for 30 min before the measurements were taken. All studies were completed in the Summer of 2008.
Statistics
Data were expressed as mean 8 SEM. GraphPad Prism 4 software was used for all statistical analysis. Unpaired two-tailed t test with Welch's correction was used to determine the signifi- 
Results
Anisotropy Changes in CRRTs in Both Normal and Cured Leprosy Subjects
We first assessed the CRRTs in both normal and cured leprosy subjects. As seen in figure 2 , there are no differences in the pattern of CRRTs at various directions on either the hands or the forearms between the cured leprosy and normal subjects as a whole group ( fig. 2 ) . Moreover, the maximum CRRTs on the forearms in both the cured leprosy and normal controls are at the 1-7 o'clock direction ( fig. 2; table 2 ), while the minimum CRRTs on the forearms in the normal controls are at the 3-9 o'clock direction (p ! 0.001, vs. 1-7 o'clock directions). In contrast, in the cured leprosy subjects, the minimum CRRTs on the forearm are at the direction of 5-11 o'clock (p ! 0.001, vs. 1-7 and 2-8 o'clock directions). On the hands, however, the maximum CRRTs are at the 5-11 o'clock direction in the normal controls (p ! 0.001, vs. 1-7 and 2-8; p ! 0.05, vs. 3-9 o'clock directions), while the maximum CRRTs on the hands in the cured leprosy subjects are at the 12-6 o'clock direction (p ! 0.01, vs. 1-7; p ! 0.001, vs. 2-8; p ! 0.05, vs. 3-9 o'clock directions). Finally, the minimum CRRTs on the hands in both normal and cured leprosy subjects are at the direction of 2-8 o'clock. Thus, in either normal or cured leprosy subjects, CRRTs display anisotropy.
Decreased CRRTs in Cured Leprosy
We next analyzed the differences of CRRTs between normal and cured leprosy subjects. On the forearms, the CRRTs in the cured leprosy subjects are significantly reduced at the directions of 12-6, 4-10, and 5-11 o'clock in comparison with CRRTs at these sites in normal controls ( fig. 2 a) . Yet, at the direction of 2-8 o'clock, the CRRT in the cured leprosy subjects is increased significantly as compared with normal controls (p ! 0.004). On the hands, the CRRTs in the cured leprosy subjects are significantly reduced at all directions ( fig. 2 b) . These results indicate that alterations in CRRTs in cured leprosy vary with both body sites and directions.
CRRTs Vary within Leprosy Subtypes
As seen in tables 3 and 4 , the CRRTs at some directions vary significantly with leprosy subtypes. On the forearms, the CRRT at the direction of 4-10 o'clock in borderline tuberculoid (BT) is significantly longer than either in LL or BL (p ! 0.01, table 3 ); the CRRT at the direction of 5-11 o'clock in BT is also significantly longer than in LL (p ! 0.001, table 3 ). On the hands, the CRRTs at the directions of 1-7 and 5-11 o'clock in BT is significantly increased as compared with LL (p ! 0.05 and p ! 0.01, respectively, table 4 ). In comparison with normal controls, the CRRTs on the forearms at directions of 4-10 and 5-11 o'clock in LL and BL are significantly reduced ( table 3 ) . On the hands, the CRRTs at all directions except 4-10 o'clock are also reduced significantly in LL and BL as compared with normal control ( table 4 ). In addition, the CRRTs at the 2-8 o'clock direction in BT and 5-11 in TT are significantly shorter than in normal controls ( table 4 ). These results demonstrate that changes in CRRTs are also associated with leprosy subtypes.
Discussion
Skin biophysical properties represent not only localized skin conditions, but also systemic conditions. Alterations in SC hydration, TEWL and skin surface pH have been found in some skin disorders [36] [37] [38] [39] [40] . Age-related changes in skin surface pH, TEWL, SC hydration, as well as sebum content have been well documented [3, 6, [41] [42] [43] . In addition, SC hydration is decreased in he- modialysis patients and subjects with hypothyroidism [7, [44] [45] [46] . CRRT represents another highly sensitive tool to assess skin biophysical properties. With age, CRRT changes with skin stiffness, firmness, thickness, as well as tissue composition [18, 19, [47] [48] [49] [50] . Skin firmness is positively correlated with CRRT, while skin stiffness is negatively correlated with CRRT [18] . In the present study, we first demonstrated that CRRTs in leprosy are shorter than normal at most directions. This observation suggests that the cured leprosy skin is stiffer. Secondly, the alterations of CRRT are associated with the severity of skin damage. The reduction of CRRTs at all directions occurs on the hand where deformation and sensory deficit are more severe than on the forearm. The greater reductions of CRRTs on the hand could reflect the increased skin tension caused by hand deformation, because the greater the tension, the lower the CRRT measurement [51] . However, reduction of CRRTs on the forearm in leprosy was only observed in some directions. The exact mechanisms underlying changes in CRRT in leprosy are not clear, but they are most likely due to the extent of damage in the dermis. The dermal connective tissue damage in leprosy includes degenerated collagen [52] and absence of elastic fibers is also found in infiltrated areas in leprosy lesions [35] .
In the present study, we also demonstrated that changes in CRRTs, especially on the hands in cured leprosy subjects, are associated with leprosy subtypes. CRRTs on the hands are decreased at almost all directions in LL and BL, which have more severe alteration in immunity. Interestingly, SC hydration is also lower in LL and BL as compared with other subtypes of leprosy. A previous study showed that SC hydration positively correlates with CRRT [18] . Additionally, collagen I and III levels are higher in LL than in other subtypes of leprosy [35] . Thus, both decreased SC hydration and alteration of dermal extracellular matrix components could, at least in part, be attributable to the reduction of CRRT in LL and BL leprosy. However, there are directional differences in CRRTs between cured leprosy and normal subjects. These phenomena strongly suggest that there are other unknown factors, which also have an influence. Nevertheless, the present study clearly demonstrated that the CRRTs are altered in cured leprosy, and further that these alterations are associated with leprosy subtypes. Since CRRT measurements are straightforward and noninvasive, they could be an alternative approach to quantitatively assess both the extent of some cutaneous abnormality and the therapeutic efficacy in leprosy. 
